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Abstract
A MEMS-based piezoelectric energy harvesting (PiezoEH) system is proposed and investigated not only with a 
wideband and steadily increased output voltage ranging from 50mV at 30Hz to 102mV at 52Hz, but also with the 
capability of converting random and low-frequency vibrations into high-frequency self-oscillations. The PiezoEH 
system consists of a bottom PZT cantilever (PZT-B) with low resonant frequency of 36Hz and a top PZT cantilever 
(PZT-T) with high resonant frequency of 618Hz packaged closely. By incorporating PZT-T and package base as top 
and bottom mechanical stoppers, the vibration amplitude of PZT-B is suppressed but the operation bandwidth is 
broadened to 22Hz nearby its resonant frequency of 36Hz. Meanwhile, the PZT-T is triggered and self-oscillated at 
618Hz due to impact caused by PZT-B in each vibration swing of PZT-B. The maximum output voltage and power 
DUHP9DQGȝ:IRUWKH3=7-%DQGDUHP9DQGȝ:IRUWKH3=7-T, respectively.
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1. Introduction
Over the past few years, vibration-based microelectromechanical systems (MEMS) energy harvesters 
have received increasing attention as a potential power for microelectronics and wireless sensor nodes [1].
More importantly the frequency and the level of acceleration of vibrations occurred in our daily life are 
random and irregular, while literatures report that vibrations existing within a low frequencies range (< 
200Hz) with a low level acceleration level (< 1g) [2]-[3]. Besides, the theoretical energy output per 
vibration cycle of current vibration-based energy harvesters (EHs) is limited to nano-joules level. The 
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output power is proportional to the cubic of vibration frequency of EHs generally. Thus frequency-up-
conversion (FUC) mechanism has been investigated as a breakthrough approach to boost the output power 
even though the source vibrations occur at low frequency [4]-[5]. So far, the reported prototypes of FUC 
energy harvesters are still in a large scale, while they operate at resonant frequency, i.e., a narrow 
operation bandwidth, due to their linear resonant mechanisms, in which it limits the performance in 
practical applications with random and irregular vibrations. More specifically the maximum power occurs 
only when the ambient vibration frequency matches with the resonant frequency of the EH device, and the 
output power drops dramatically when frequency of vibrations is away from the resonant frequency of 
EHs. By incorporating nonlinear spring effect with an impact-based FUC mechanism, a novel MEMS-
based PiezoEH device employs a PZT-B cantilever excited at low frequency due to ambient random 
vibrations to trigger the self-oscillation of a PZT-T cantilever at its first mechanical resonant frequency,
e.g., 10 times higher than the ambient vibration frequency.
2. Device configuration
The PZT-T cantilever shown in Fig. 1 (c) comprises of a silicon supporting beam (3 mm long × 5
mm wide × 5 ȝPWKLFN integrated with PZT thin film patterns. The PZT-B cantilever as shown in Fig. 1 
(b) has the same supporting beam as PZT-T, and exhibits a low resonant frequency of 36 Hz due to an 
additional inertial mass (5 mm long × 5 mm wide × 0.4mm thick). As shown in Fig. 1(a), two 
piezoelectric PZT cantilevers are packaged closely with a pre-determined space. Figure 2(a) and (b)
illustrates the vibration behavior of wide operation bandwidth and FUC of the presented PiezoEH device.
The PZT-T and package base of the PZT-B are acting as mechanical stoppers with stopper distances of xa
and xb. In the case of vibrations of low acceleration, e.g. 0.1 g, the excited vibration amplitude of PZT-B
is less than xa and xb, thus the mechanical stopper is inactive. As long as the excited vibration amplitude 
of PZT-B is larger than xa or xb, the mechanical stoppers become active subsequently and result in 
retardation of vibration amplitude but with advantage of frequency broadening of operation bandwidth of 
PZT-B [6]. In the meantime, as the inertial mass of PZT-B impacts with the top stopper (PZT-T) at point 
P, the PZT-T is deformed together with inertial mass. Later on, as the inertial mass leave away, the PZT-
T oscillates at its high resonant frequency with exponentially decayed amplitude. As a result, the low 
frequency oscillation of PZT-B is up-converted into self-oscillation of PZT-T at high frequency. 
Meanwhile, based on the direct piezoelectric effect, the electricity will be generated from the deformed 
PZT thin film patterns on the supporting beams of both PZT-B and PZT-T, separately.
               
3. Microfabrication
The microfabrication process of the PZT cantilever is started from a silicon-on-insulator (SOI) wafer 
with Si device layer of 5-ȝP-thick, buried oxide (BOX) layer of 1-ȝP-thick and Si handle layer of 400-
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Fig. 1 Illustration of the proposed PEH system. Fig. 2 Operation principle of the impact-based 
frequency wideband and FUC mechanisms.
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ȝP-thick. Fig. 3(a) shows the Pt/Ti/PZT/Ti/Pt/SiO2 multilayer deposition on a SOI wafer. After the 
oxidation of a thermal oxide layer at 1100 °C, Pt/Ti ȝP/ȝP WKLQ ILOP layers, used as bottom 
electrode, were deposited by DC magnetron sputtering. Then the (100)-orientated Pb(Zr0.52Ti0.48)O3 film
of 2.5-ȝP-thick was formed by sol-gel deposition. The top electrode Pt/Ti ȝP/ȝPZDVGHSRVLWHG
by DC magnetron sputtering. In Fig. 3(b), the top and bottom electrodes were etched by using Ar ions 
respectively, and the PZT thin film was wet-etched using a mixture of HF, HNO3 and HCl. In Fig. 3(c), a
0.8-ȝP-thick insulating layer was then deposited by RF-magnetron sputtering. In Fig. 3(d), contact hole 
openings were etched by reactive ion etching (RIE) with CHF3 gas. 1-ȝP-thick Pt metal lines with Ti 
adhesion layer were deposited by sputtering, patterned and etched using Ar ion. Later on, the thermal 
oxide layer, structural Si layer and buried oxide layer were etched by RIE using feed gases of CHF3, SF6
and CHF3 respectively as shown in Fig. 3(e). Finally, the Si handle layer and buried oxide layer were 
etched from the backside using DRIE to release the PZT cantilever as shown in Fig. 3(f). 
Fig. 3. Microfabrication process flow of the PZT actuator 
4. Results and discussions
Fig. 4 shows the output voltages of PZT-B cantilever against vibration frequencies under different input 
accelerations of 0.1 g, 0.4g and 0.8 g, respectively. As the input acceleration increases from 0.1 g to 0.4 g, 
the output voltage initially shows a peak value of 50 mV at 36 Hz and gradually increases to 52 mV at 32
Hz and 77 mV at 43 Hz in association with the operation bandwidth broadening phenomenon. Eventually,
at 0.8g, the operation bandwidth is as wide as 22 Hz, while the voltage output steadily increases from 50
mV at 30 Hz to 102 mV at 52 Hz. Beyond 52 Hz, the output voltage drops dramatically to a relatively low 
level. This can be explained as a change between two unstable states of a non-linear system. The critical 
frequency, where the change occurs, is depending on the input acceleration level and the energy loss from 
the mechanical stopper. 
                   
Under the input acceleration of 0.8 g, Fig. 5 (a) and (b) show the real-time output voltage of PZT-B and 
PZT-T at 37 Hz and 51 Hz, respectively, in which the FUC characteristic is clearly observed. In Fig. 5 (a), 
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Fig. 4 Output voltages of PZT-B against frequencies under 
different input accelerations.
Fig. 5 Real-time output voltage of PZT-B and PZT-T at 
37 Hz (a) and 51 Hz (b).
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the output voltage of PZT-B indicated in blue curve oscillates at 37 Hz; whenever it hits the top stopper, 
i.e., the PZT-T, the output voltage of PZT-T indicated in red curve exhibits oscillation frequency matched
with its first resonant frequency of 618 Hz. The average peak voltage for PZT-T is 73 mV, which is more 
than the average peak voltage of 65.5 mV for PZT-B. In Fig. 5 (b), the average peak voltage for PZT-B is 
87.2 mV at vibration frequency of 51 Hz, while the average peak voltage for PZT-T is increased upto
106.1 mV at the same self-oscillation resonant frequency of 618 Hz. The real-time output power spectra
of PZT-B and PZT-T cantilevers are calculated in Fig. 6 (a) and (b) at the same specific vibration 
frequencies of 37 Hz and 51 Hz with assumption of that the load resistance matches with the internal 
impedance of PZT-B and PZT-T, respectively. In the same way, the averaged peak-voltage and 
corresponding optimal power of PZT-B and PZT-T at frequencies sweeping-up from 25 Hz to 55 Hz are 
recorded and calculated. As shown in Fig. 7, the maximum output voltage and power are 101mV and 
ȝ:IRUWKH3=7-%DQGDUHP9DQGȝ:IRUWKH3=7-T, respectively
               
5. Conclusion
In summary, we proposed and demonstrated a wideband PiezoEH device with FUC mechanism for 
converting energy from random and low-frequency external vibrations into self-oscillation of a PiezoEH 
at its high resonant frequency. The main advantage of the proposed device is that it broadens the 
matching frequency range of external vibration and realizes a high resonant frequency at the same time, in 
which it offers a possible solution for practical applications by improving the power generation efficiency 
and reducing the operation frequency bandwidth limitation.
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Fig. 6 Real-time optimal power of PZT-B and PZT-T at 37 
Hz (a) and 51 Hz (b).
Fig. 7 Peak-voltage and power outputs of PZT-B and 
PZT-T against vibration frequencies from 25 Hz to 55 Hz
